Effective removal of unwanted particles from a molten metal alloy by flotation relies on purging a gas into the melt through a rotating impeller. This device is commonly known as a rotary degasser. Unwanted particles in the melt attach to the rising gas bubbles and rise to the slag layer where they are removed from the metal bulk. In addition, the turbulence created by the rotating impeller causes the randomly distributed solid particles to agglomerate into relatively large clusters. These clusters float up or settle down due to the difference between their density and that of the melt. A mathematical model has been developed to describe the particle dynamics and particle agglomeration that occur during the rotary degassing of aluminum melts. While previous investigations addressed particle collisions in low intensity turbulent fields where the size of the colliding particles is smaller than the Kolmogorov length scale, this model is more encompassing as it considers both low intensity and high intensity turbulence. Consequently, this model is more representative of a typical industrial rotary degassing operation.
I. INTRODUCTION
in such a way as to make the particles stick to the bubbles' surfaces more efficiently. [6] [7] [8] [9] Figure 1 shows a schematic THE quality of molten metal can be improved by proper diagram of a rotary degasser. control of "unwanted phases" and impurities. In this con-A useful way of mathematically describing the dynamics text, the term unwanted phases refers to exogenous solid of particle agglomeration in a rotary degasser is by means particles and/or liquid phases present above the liquidus of a particle population balance. Although the mathematical temperature of the alloy as well as any gaseous phases formulation of the population balance is rather simple, it dissolved in the melt. Among the various unwanted phases, cannot be solved analytically to yield the particle size distrisolid particles and films have the most detrimental effect on bution. Moreover, a straightforward numerical approach to a metal's properties. Consequently, various melt treatment the problem puts practically prohibitive demands on comtechniques have been developed and are employed to puter time and memory. In this study, a mathematical model remove solid particles and films from molten alloys. [1] Paris presented to describe the agglomeration and removal of ticle flotation using a rotary degasser, also known as fluxsolid particles of varying sizes from an alloy melt during ing, is one of the most widely used techniques for removing rotary degassing. A particle population balance is used to unwanted phases from molten alloys. In this process, a describe the system mathematically, and a special discretizareactive or inert gas, or a combination of both types of tion scheme is employed to reduce the computational comgases is purged through a rotating impeller into the liquid plexity and computer time required for solving the populametal. The most commonly used reactive gases are chlorine tion balance equation. The model is used to investigate the and fluorine, and the most commonly used inert gases are effect of the rotary degasser's operational parameters on argon and nitrogen. While the gas, in the form of bubbles, particle agglomeration and removal from a molten metal rises to the surface, it encounters the particles and carries bath. This model is useful in the design of efficient rotary them to the top slag. [2] The efficiency of particle removal degassers and in selecting the operation parameters for optidepends on the interaction between the bubbles and the mum degasser performance. particles. This interaction largely depends on the flow field inside the melt created by the flow of the bubbles as well as the impeller rotation and the size and number of bubbles. Particle removal also depends on the agglomeration of the II. THEORETICAL BACKGROUND particles caused by turbulence in the flow field. [3, 4, 5] The velocity and turbulence fields govern the transport of parti-
The state of a suspension of particles in a fluid may be cles to the bubbles' surfaces. The addition of chlorine or conveniently described by a particle size distribution density other halogens affects the surface tension of the bubbles function, n (, t), where n ( , lation balance equation (Reference 10) requires a large number of sections in order to achieve satisfactory accuracy and, therefore, is computer intensive. [11, 12] The solution of Eq. [1] , by use of a conventional finite difference technique, is also very difficult because of the complex integral terms involved. To overcome this difficulty, the continuous population balance equation is replaced by a set of discretized equations. [4, 14] For spherical particles, where the particle's volume is a function of the third power of the particle's radius, the discretized equations can be expressed in terms of the particle radius. Accordingly, the discretized equations for the rate of change in concentration of particles with average radius, r k , in the kth size range (n k ) is given by
Fig. 1-Flotation treatment process using a rotary degasser.
of radii r i and r j where the condition r 3 i ϩ r 3 j ϭ r 3 k must always be satisfied. The first term on the right-hand side of Eq. [2] represents mass generation through collision and
coagulation between the ith and jth particles, and the second term represents mass destruction through collisions of the kth particle with other particles. The last term, S k , is the sink term that describes the rate of removal of particles by
This flotation can be due to the density difference between the particles and the melt, as well as due to particle
adhesion to the rising gas bubbles. Terms appearing in Eq.
[2] will be described in detail in subsequent sections. where, I ( , t) ϭ d /dt, the rate of change of the volume In order to solve Eq. [2] , the size domain is divided into of a particle of volume, , by transfer of material between intervals of equal size ranges. This method gives greater the particle and the fluid phase, W (, ) is the rate of numerical stability but usually requires a very large number collision between particles of volumes , and , and S is of intervals. For example, to remove particles of the size the net rate of addition of new particles into the system. The range 1 to 40 m with constant volume intervals assuming first term on the righthand side of Eq. [1] represents the rate that the first interval spans the particle size range from 1 to of growth of particles by transfer of material to individual particles. The second term represents the rate of accumula-2 3 m 3 , a total of 40 3 Ϫ 1 3 2 3 Ϫ 1 3 ϭ 9143 particle size intervals tion of particles in the size range ( , ϩ d) by collision are required. If a smaller, more manageable number of size of two particles of volume ( Ϫ ) and to form a particle intervals is maintained in the discretization scheme, virtually of volume, , (assuming conservation of volume during no information will be conveyed about the smaller size coagulation). The third term represents the rate of loss of particles. particles in the size range ( , ϩ d) by collision with all other particles. The last term represents all possible particle sources and sinks.
III. THE MATHEMATICAL MODEL A number of approximation techniques for solving the The number of particle size intervals in a relatively wide population balance equation exist. [11, 12, 13] These include (a) size range can be reduced considerably without sacrificing defining the particle size distribution with a continuous funcinformation about the smaller size particles by employing tion, (b) approximating the particle size distribution with a a geometric series instead of a constant size interval. Indeed, parameterized lognormal function, (c) describing the particle if the series is geometric in length, it is also geometric in size distribution function by using moments of the particle volume. Hunslow's method, [15] which is based on binary size distribution function, and (d) discretizing the population interaction mechanisms, is employed. In this method, the balance equation. Method (a) was shown to be very accurate wide particle size domain over which particle agglomeration but requires a large amount of computer time. [12] Method occurs is divided into intervals. Within each of these inter-(b) was demonstrated to be extremely fast but is limited in vals, equations describing the change in particle concentraaccuracy. [12] Method (c) is also limited in accuracy because tion are used. Each interval is represented by a characteristic it yields only the average properties of the particle size volume, V k , that is the average volume of the particle sizes distribution. However, the loss of accuracy and resolution in the interval due to averaging is compensated for by an increase in computational speed and a reduction in computer memory require-
[11] Method (d), in which the continuous particle size distribution is approximated by a finite number of sections with the properties within each section averaged, usually where b k is the upper boundary volume of interval k. V k is The leading factor of one-half is included to avoid count- . The number of particles in this latter range is aN i /2 i . The rates may be calculated as before related to the previous interval V kϪ1 by a geometric series R [3] i,j ϭ 3 и 2
In terms of lengthBy summing this last equation over all possible values domain discretization, r k /r kϪ1 ϭ Ί 3 2. This discretization of j, death by the third mechanism may be represented scheme allows covering a great range of particle sizes in a by manageable manner.
Four binary interaction mechanisms are necessary to fully R [3] 
N j [6] describe particle agglomeration in a flow field. These are listed in Table I. (4) Mechanism 4. If a particle in the ith interval agglomerThe particle size distribution is discretized in such a way ates with a particle from that or higher interval, a death that any interval of volume, i , is twice the width of the occurs in the ith interval. This final mechanism may be previous interval, v iϪ1 , and the density function in the interval given by i is given by nЈ ϭ N i / i . N i is the total number of particles in the interval i. It is convenient to assign the lower bound R [4] 
volume) 2
i and the upper bound a size 2
i+1
. The density function in this interval is, therefore,
The overall rate of change of number of particles (dN i / n ϭ N i /2 i . A detailed mathematical formulation for the rate dt) may be computed by combining Eqs. [4] through of birth and the rate of death for the different mechanisms [7] , i.e., shown in Table I can be found in Reference 15.
(1) Mechanism 1. Birth in the ith interval can occur only
[8] when a particle in the i Ϫ 1th interval agglomerates with a particle in the 1st to i Ϫ 1th intervals. Consider
The term C in Eq.
[8] is a volume correction factor. It the agglomeration of a particle of size, a, in the jth is shown [15] that in order to conserve particle volume, interval, where j Ͻ i Ϫ 1. In order to form a particle in the value of C should be 2/3. the ith interval it must collide with particles in the size Equation [9] is the expanded form of Eq.
[8]. range 2 i Ϫ a Յ Ͻ 2 i , all of which are in the i Ϫ 1th interval. The number of particles available for collision dN i dt
is, thus, aN iϪ1 /2
iϪ1
. The rate of birth by mechanism 1 is
Finally, a "sink" term (S k ) is introduced into Eq. [9] to ϭ 3 и 2 jϪi W iϪ1,j N iϪ1 N j account for particle removal from the system. If this rate is summed over all possible values of j, the dN k dt
, r i ) total rate of birth in the ith interval by the first mechanism may be determined from
A similar process may be used to describe agglomerates formed in the ith interval by collision between particles both in the i Ϫ 1th interval. The rate Ϫ S k N k of birth is A. Determination of the Particle Agglomeration Rate, R [2] 
Particle agglomeration in a flotation melt treatment proc-
ess is the consequence of collision between particles. The collision mechanism largely depends on the type of flow, In Eq. [13] , is the turbulence dissipation rate, and is the kinematic viscosity of the melt. The term ⌬ is a correction i.e., on the hydrodynamics of the melt and the size of the particles. Several agglomeration mechanisms are possible.
coefficient that is introduced to account for any turbulence heterogeneity that may be present in the treatment reactor.* These include Brownian agglomeration, which is more active in submicron size particles; gravitational agglomera-*For example, heterogeneity may be introduced when a noncylindrical tion, which is typical of very large particles; and turbulent impeller is used. agglomeration, which is typical of intermediate size particles. In typical rotary degassers, the melt hydrodynamics is
The empirical capture efficiency coefficient of collision, such that only turbulent agglomeration is relevant. Conse-␣ T , describes the hydrodynamic and attractive interactions quently, Brownian and gravitational agglomeration mechabetween agglomerating particles. Higashitani et al. [4] sugnisms are excluded from the model. During rotary degassing gested the following relationship for evaluating ␣ T . of molten metals, mechanical energy is supplied to the melt by the rotation of the degasser's impeller and by the flow
[14] of the purged gas. This energy creates turbulence within the melt. The turbulence creates eddies, which in turn help where N T is the ratio between the viscous force and the Van dissipate the energy. The energy is transferred from the der Waals force, largest eddies to the smallest eddies in which it is dissipated through viscous interactions. The size of these smallest
[15] eddies is the Kolmogorov microscale, , which is expressed as a function of the kinematic viscosity, , and the energy In Eq. [15] , A is the Hamaker constant, and ␥ is the fluid dissipation rate, , deformation rate,
The rate of particle agglomeration, W(r i , r j ), consists of On the other hand, for ␤ 1 Ͻ 1, the particles are larger than two components, [14] the smallest eddy; consequently, they are dragged by velocity W(r i , r j ) ϭ W t ϩ W s [12] fluctuations in the flow field and collide with one another. In this case, the rate of collision is expressed using Abrawhere W t is the collision rate of particles caused by turbuhamson's model. [18] Abrahamson assumed 100 pct collision lence eddies, and W s is the rate of collisions caused by efficiency. In the model presented here, Abrahamson's equathe difference in flotation velocity between large and small tion is modified by a capture efficiency coefficient, ␣ T , particles, known as Stokes collisions.
which accounts for attractive and hydrodynamic interactions In the turbulent flow field, agglomeration can occur by between particles: either of two mechanisms. The first mechanism, which will
[16] be referred to as the viscous subrange mechanism, is active when the particles are smaller than the Kolmogorov microwhere U 2 i is the mean squared velocity for particle i. When scale, . In this case, agglomeration is assumed to take the flow is highly turbulent and the particles are relatively place under local shear flow conditions. [4, 5, 16] The second large in comparison to the smallest eddy, which is the case mechanism, which will be referred to as the inertial subrange in typical rotary degassing of molten metals, the particles mechanism, is active when the particles are larger than the acquire momentum from the eddies and are projected into Kolmogorov microscale, . In this case, the colliding partineighboring eddies without necessarily following the fluid cles assume independent velocities. The model presented fluctuations. In this case, the mean squared velocity is calcuhere incorporates both turbulent flow mechanisms-the vislated using Eq. [17] . [18] cous subrange mechanism and the inertial subrange mechanism-since in a rotary degasser the turbulence intensity is U
[17] quite high and the particle size distribution is such that it may satisfy the requirements of both mechanisms. A paramewhere, U 2 is the mean squared velocity deviation of the ter, ␤ 1 , is used to determine which agglomeration mechanism fluid, and p is the relaxation time of a particle of radius r p is dominant in a given turbulent flow field. The parameter, ( p ϭ 2 p r p /18). Equation [17] is applicable only when ␤ 1 , is defined as the ratio of the particle size to the Kolmoone of the colliding particles has a radius gorov microscale, . When ␤ 1 Ͻ 1, the viscous subrange mechanism is dominant; on the other hand, when ␤ 1 Ͼ 1, r ϭ Ί(15U 2 )/(4 particle )
[18] the inertial subrange mechanism is dominant.
When the particles are smaller than the limiting size given For ␤ 1 Ͻ 1, the approach velocity of the colliding particles by Eq.
[18], they are not completely influenced by the eddies, is determined by their motion within the eddy. Therefore, and Eq.
[19] instead of Eq. [17] is used to calculate the particle collisions are influenced by the local shear within mean squared particle velocity, U 2 , [19] the eddy. Based on work by Saffman and Turner, [17] the rate of collision between two particles of size ranges r i and r j in U
[19] the viscous subrange region can be described by Eq. [13] where a ϭ ( particle Ϫ melt )/ melt and ␦ ϭ (9 melt /2 particle ϩ W t (r i , r j ) ϭ 1.30 ␣ T (r i ϩ r j ) The Stoke collision rate, W S , is calculated from Eq. streamlines and that attachment to the bubbles occurs when- [20] : [20] ever the streamline carrying the particle comes within a distance that is smaller in magnitude than the particle's W s ϭ 2⌬g 9 (r i ϩ r j ) 3 Ȋr i Ϫ r j Ȋ [20] radius. [14] Assuming that the particles are distributed homogeneously within the melt, the entrapment rate of particles of size class k on gas bubbles is given by Eq. [23] : [14, 21] where ⌬ is the difference in density between the particles and the melt. Figure 2 shows the particle agglomeration rate as a func-
[23] tion of ␤ 1 after 10 minutes of degassing in a rotary degasser that is operating at 675 rpm with a flow rate of 36 L of In Eq. [23] , N b is the number of bubbles, b is the velocity argon gas per minute. These operation parameters result in a difference between the bubbles and the melt, V is the volume turbulence dissipation rate ϭ 23.09 m 2 /s 3 . [18] The turbulent of the melt, and b k is the critical entrapment distance between collision rate, W t is calculated from Eq. [13] and [16] , and bubbles and particles of size class k. Equation [23] assumes the Stokes collision rate, W s , is calculated from Eq. [20] .
that when the particles are within a volume b b 2 k , they Figure 2 shows that for a particular size class, r k , both W t instantaneously attach to the bubble. However, particle and W s increase as the radii of the colliding particles increase, attachment to bubbles requires time, hence, S b is modified but as the radius of one of the colliding particles approaches by an entrapment efficiency, E, where E ϭ 4r k /r b , and r b is that of the other, W s begins to decrease and approaches zero the average stable bubble radius, [2, 22] as the particle radii become equal. Due to the combined effect of W t and W s , W within a particular particle size
interval initially increases and then rapidly decreases.
The terminal velocities of gas bubbles in molten metals are difficult to measure accurately. However, Szekely [2] pro-B. Determination of the Particle Flotation Rate, S k posed Eq.
[25] based on measurements of the terminal velocRemoval of particles from the melt by flotation, repreity of gas bubbles in water. sented by S k in Eq. [10] , is due to Stokes flotation and b ϭ ΊWe/2r b [25] settling of relatively large particles, S s , and attachment of particles to the rising gas bubbles, S b .
In Eq.
[25], is the density of the melt, is the surface tension of the melt, and We is Weber's number. The number S k ϭ S s ϩ S b [21] of bubbles in the reactor (N b ) is calculated from the volume fraction of the purged gas and the average stable bubble Assuming Stokes terminal velocity and a homogeneous disradius, r b . The volume fraction of purged gas is estimated tribution of particles in the melt, the Stokes flotation rate from numerical simulations of the flow field within the for particles of size class k is calculated using Eq. [22] : [14] reactor, [23] and the average stable bubble radius in a turbulent flow field is estimated using Hinze's formula [24] with a modi-S s ϭ 2g 9L ⌬r 2 k [22] fication applicable to a rotary degasser suggested by Johansen et al., [25, 26] In Eq. [22] , L is the depth of molten metal in the reactor, g is gravitational acceleration, is viscosity of the molten
We c 0.6 1 0.4
[26] metal, and ⌬ is the difference in density between the solid particles and the melt. Figure 3 shows a typical Stokes' flotation curve. The larger the particle size, the higher the In Eq.
[26], Q go ϭ 25 L/min, D ϭ 0.878, m ϭ 0.28 (assuming a cylindrical impeller), and Q g is the gas flow rate in L/min. flotation rate is.
The rate of attachment of particles to the gas bubbles, S b , A critical Weber number, We c Ϸ 4, is necessary for the bubble to be stable. [21] is calculated assuming the particles' centerlines flow along The streamlines around a gas bubble of radius, r b , shown in Figure 4 , is calculated using Eq. [27] , which assumes potential flow around the bubble [27] 
In Eq. [27] is the stream function, and u b is the bulk velocity. Equation into Eq. [28] , b k is expressed in terms of and u b ,
[29] Figure 5 shows the critical entrapment distance for particles of radius varying between 5 and 100 m by 6-mm diameter argon gas bubbles. Figure 6 shows the variation in flotation rate due to particle attachment to bubbles, S b , with particle radius. S b is calculated using Eq. [24] and Figure 6 shows that S b increases linearly with particle size. Figure 7 shows the variation of the product of flotation rate, S k , and the number of particles in the size class k, N k , with particle radius.
IV. VERIFICATION OF THE MODEL PREDICTIONS
In order to verify the model predictions, aluminum oxide powder of a known particle size distribution was introduced into commercially pure molten aluminum held at 750 ЊC in an electrical furnace. In order to facilitate incorporation of the powder into the molten aluminum, it was wrapped in a melt was gently stirred to enhance dissolution of the copper foil and mixing and distribution of the particles. The furnace thin copper foil and upon introduction into the melt; the diameter of the degasser's rotor shaft was 24 mm, and the diameter of the cylindrical impeller was 80 mm. The gas was purged at a rate of 2 L/min through 12, 8-mm-diameter side holes that were equally spaced around the circumference of the impeller. The impeller was placed so that its bottom was 5 cm above the bottom of the furnace and was operated at 560 rpm. Maniruzzaman and Makhlouf [23, 28] used computational fluid dynamics to simulate a similar reactor and obtained a mean turbulence energy dissipation rate of 0.333 m 2 /s 3 and an argon gas volume fraction of 0.0725. Samples were taken from the holding furnace using a covered sampling cup before and after purging with argon for 20 minutes. The solidified samples were sectioned, mounted in epoxy, and polished using standard metallographic procedures. The aluminum oxide particle size distribution in each sample was determined using image analysis.* A minimum of 50 fields from each sample was examined 35 sections each representing a particle radius range. The at 350X magnification, and the particle count per unit area discretized ordinary differential equations system is solved was converted to particle count per unit volume using standusing the explicit Euler method. ard stereological estimation techniques.
[29] Figure 8 shows Two inputs are necessary for calculating the particle collithe measured initial particle concentration vs particle radius sion rate. These are the mean turbulence dissipation rate and curve, as well as the measured particle concentration vs the volume of purged gas. Maniruzzaman and Makhlouf [23] particle radius curve after 20 minutes of purging with argon. used computational fluid dynamics and calculated these Also shown in Figure 8 is the computer predicted particle parameters for a rotary degasser operating with the parameconcentration vs particle radius curve after 20 minutes of ters shown in Table II . purging. Figure 8 shows good agreement between the model Other physical data necessary for calculating the particle predicted and the measured particle concentration profiles.
collision rate are shown in Table III . Figure 9 shows the particle size distribution in a rotary degasser operating under the conditions of case 3 in Table  V. SIMULATION RESULTS AND DISCUSSION II. Figure 9 shows that under these conditions the number of particles with radii smaller than 20 m initially decreases The model was used to evaluate the change in aluminum oxide particle size distribution during treatment of molten rapidly. This rapid decrease in the number of small sized particles is due to their rapid rate of agglomeration into larger aluminum in a rotary degasser. The evolution of the particle size distribution is simulated by solving the discretized popuparticles. Because the rate of agglomeration of particles with radii less than 20 m into particles with radii larger than lation balance (Eq. [10] ). The initial particle radius domain, which spans the range 0.05 to 120 m, is discretized into 20 m exceeds the rate of removal of the large particles by Table  flotation , there is an initial net increase in the number of II is higher than that of the degasser operating under the particles with radii larger than 20 m. Only after degassing conditions depicted in case 1 of Table II . for more than 20 minutes does the rate of particle removal
The particle removal efficiency vs particle size curve, catch up with the rate of particle agglomeration, and an shown in Figure 10 (c), can be divided into three distinct overall reduction in the number of particles occurs.* regions. In region I, which includes particle sizes up to *It should be noted that the critical particle radius for transition between 15 m, the dominant mechanism responsible for particle the high particle removal rate in this size range, many particles remain in the melt. In region II, which includes particles Figure 10 shows the effect of reversing the direction of rotation in a rotary degasser on particle removal when the between 15 and 40 m, the rate at which particles grow by turbulent agglomeration is not balanced by the rate of particle degasser is operating at a relatively high rotation speed and relatively high gas flow rate. Figures 10(a) and (b) show removal by flotation; consequently, particles in this size range are difficult to remove. In region III, which includes the variation in particle size distribution with time for cases 1 and 2 of Table II, respectively. In both cases, particles all particles larger than 40 m, although there is continued formation of particles in this range by turbulent agglomerasmaller than 25 m agglomerate rapidly due to turbulent collisions. Removal of the large particles depends mainly tion of smaller particles, given time, this supply of particles is more than balanced by the high removal rate. on a combination of turbulent agglomeration, which leads to formation of even larger particles, and flotation by attach- Figure 11 shows the effect of rotation speed on degasser performance. Figures 11(a) and (b) show the particle concenment to bubbles and Stokes' flotation. Although there is an accumulation of larger particles during the early stages of tration profiles for cases 2 and 3 of Table II , respectively. Figures 11(a) and (b) show that the rate of particle removal degassing, with time, the larger particles are removed. Figure  10 (c) compares the particle removal efficiency of two similar is slow when the impeller rotation speed is low. Figure 11 (c) compares the particle removal efficiency of two degassers degassers one operating under the conditions depicted in case 1 of Table II, the other under conditions depicted by  one operating under the conditions depicted in case 2 of  Table II , the other under the conditions depicted in case 3. case 2. The particle removal efficiency is calculated in terms of the fraction of particles removed from each particle size Figure 11 (c) shows that increasing the rotation speed greatly enhances particle removal. At the high rpm, particles with range normalized to the initial number of particles in the size range. The negative particle removal efficiency values radii ranging between 25 and 40 m are the most difficult to remove, while at the low rpm, the difficult to remove indicate an increase in the number of particles of that size. between the various mechanisms responsible for particle removal and is useful in the design and efficient operation of industrial rotary degassers. S b rate of attachment of particles to the rising gas bubbles S s Stokes flotation and settling rate particle size range includes all particles larger than 10 m.
NOTATIONS
S k rate of removal of particles by flotation Figure 9 shows that degassing for a relatively long time S the net rate of addition of new particles into (more than 20 minutes) at the low rpm is necessary to remove the system these particles. t time Figure 12 shows the effect of the purge gas flow rate on u b bulk velocity of fluid degasser performance. Figures 12(a) and (b) show the parti-U 2 mean squared velocity deviation of the fluid cle concentration profiles for cases 2 and 4 of Table II , U 2 i mean squared velocity for particle i respectively. The rate of particle removal is similar for both V volume of the melt cases indicating that at high impeller rotation speeds, the , unit volume of fluid gas flow rate does not have a very pronounced effect on the V k average volume of the particles in size interval k degasser's performance. Figure 12 (c) compares the particle v b velocity difference between the bubbles and removal efficiency of two degassers, one operating under the melt the conditions depicted in case 2 of Table II, the other under We Weber's number the conditions depicted in case 4. Figure 12 (c) shows that W ,W rate of collision between particles increasing the purge gas flow rate enhances particle removal W s Stokes collisions rate but only slightly.
W t collision rate of particles caused by turbulence eddies VI. CONCLUSIONS ␣ T empirical capture efficiency coefficient of collision A model that describes particle collision and removal ␤ 1 ratio of the particle size to the Kolmogorov by flotation during rotary degassing of molten metals is microscale developed. The model is based on the classical theory of ␥ fluid deformation rate turbulent agglomeration and is unique in that it accounts for p relaxation time of a particle both high and low intensity turbulent flow conditions. A density particle population balance is used to describe the system stream function mathematically, and a special discretization scheme is viscosity of the molten metal employed to reduce the computational complexity and the energy dissipation rate computer time required for solving the population balance kinematic viscosity of the melt equation. The model is used to investigate the effect of the Kolmogorov microscale rotary degasser's operational parameters on the agglomerasurface tension of the melt tion of aluminum oxide particles and their removal from molten aluminum. The model explains the interrelationships ⌬ correction coefficient
